Researchers studying plant growth under different lamp types often attribute differences in growth to a blue light response. Lettuce plants were grown in six blue light treatments comprising five blue light fractions (0, 2, 6% from high-pressure sodium [HPS] lamps and 6, 12, 26% from metal halide [MH] lamps). Lettuce chlorophyll concentration, dry mass, leaf area and specific leaf area under the HPS and MH 6% blue were significantly different, suggesting wavelengths other than blue and red affected plant growth. Results were reproducible in two replicate studies at each of two photosynthetic photon fluxes, 200 and 500 mol m Ϫ2 s Ϫ1 . We graphed the data against absolute blue light, phytochrome photoequilibrium, phototropic blue, UV, red:far red, blue:red, blue: far red and 'yellow' light fraction. Only the 'yellow' wavelength range (580-600 nm) explained the differences between the two lamp types.
INTRODUCTION
The use of different lamps in controlled environments has led to the discovery of gross changes in plant morphology caused by altered spectral quality. The photomorphogenic changes caused by altered phytochrome photoequilibrium (PPE) † are well documented (1) . However, lamp types with similar PPE can significantly alter leaf and stem morphology. These studies suggest that morphological differences are caused by differences in the blue portion of the spectrum (2-7). Unfortunately, nonblue wavelengths also varied with lamp types in these studies, so definitive conclusions have to be questioned. In a companion paper (8) , we compared lettuce growth under high-pressure sodium (HPS) lamps with metal halide (MH) lamps that were filtered to 6% blue. Chlorophyll concentration, dry mass, leaf area and specific leaf area (SLA) were sensitive to the remaining spectral output. Here we examine other known spectral responses to ¶Posted on the website on 30 explain the morphological and growth differences we observed with this plant species.
MATERIALS AND METHODS
Lettuce (Lactuca sativa, cv. Grand Rapids) was grown in six blue light treatments (0, 2, 6% from HPS lamps and 6, 12, 26% from MH lamps) comprising five blue light fractions ( ). Other growing procedures, environmental conditions and measurement techniques are described in the companion paper (8) .
RESULTS AND DISCUSSION
As reported in the companion paper (8), the two 6% blue treatments produced significantly different chlorophyll concentrations, dry masses, leaf areas and SLA in lettuce. This phenomenon was visually apparent in each replicate trial of this experiment and in preliminary trials before this experiment (9) . It is unlikely that these differences were caused by other environmental differences between compartments because (1) treatments were randomized each time; and (2) atmospheric differences (carbon dioxide, humidity and temperature) between compartments were minimized by the use of a common air conditioning system. Apparently in lettuce, some wavelength(s) acts in conjunction with blue to affect plant growth. The data for chlorophyll concentration and total dry mass (Figs. 1a and 2a) are representative of the results for the other parameters. Here we analyze the effects of the other wavelengths we have considered.
Thermal radiation
Although the thermal radiation (700-10 000 nm) emitted by unfiltered HPS and MH lamps is considerable and different for the two lamp types, the thermal radiation in these experiments was equalized by recirculating, chilled water barriers.
Amount of blue photons
As discussed in the companion paper (8) , some plant responses are determined by the quantity of blue photons rather than the fraction of blue photons. However, both of the 6% blue treatments had the same amount of blue photons at each PPF: 12 mol m Ϫ2 s Ϫ1 blue at 200 mol m Ϫ2 s Ϫ1 or 30 (Table 1 , col. 4). Graphically, data points for 6% blue between PPF levels are separated, but the two data points within PPF levels are not separated (Figs. 1b and 2b) . The quantity of blue photons could not have caused the differences in growth between the two 6% blue treatments.
Phototropic blue
Considering that the range of wavelengths that we used to define 'blue light' may not be the most appropriate for lettuce, we reanalyzed the data using the blue response curve for phototropism developed by Baskin and Iino (10) . This phototropic response curve unequally weights the different wavelengths from 300 to 520 nm based on curvature response of alfalfa seedlings. Weighting our data with this curve yielded blue levels that were similar to our 6% blue treatments ( Table 1 , col. 5), so the response curves look very similar to the absolute blue light curves (Figs. 1c and 2c) . Therefore, differences in growth between 6% blue HPS and 6% blue MH were not related to phototropic blue levels.
Absolute UV
MH emits more UV (300-400 nm) than HPS lamps, but our system had a water and tempered glass barrier that greatly reduced the UV from both sources. However, not all UV was filtered out and the MH treatments still had three to four times more UV (Table 1 , col. 7). The UV difference between the two 6% blue treatments further separates the data (Figs.  1d and 2d ). The differences between the two 6% blue treatments were not related to differences in the amount of UV.
UV as a percent of blue
We included UV-A (320-400 nm) as part of the blue range, but MH attains more of its 'blue light' from the UV range. Indeed at 6% blue, UV as a percent of blue is higher for MH than for HPS (Table 1, col. 6). However, graphing the data this way also further separates the data in the wrong direction (Figs. 1e and 2e ).
Phytochrome photoequilibrium
The PPE for all treatments ranged from 0.82 to 0.86 (Table  1 , col. 8). This range is likely too small to elicit varied phytochrome effects. At the low light level, the data tends to become separated, while at the higher light level the PPE are similar for the 6% blue treatments (Figs. 1f and 2f ).
Blue to red and blue to far red ratios
Goins et al. (11) suggested that the blue response could be altered by an interaction between blue and red (B:R) or blue and far-red (B:FR). Once again, there is a difference between 6% blue HPS and MH values for B:R and B:FR (Table 1 , cols. 9 and 10), but these ratios also tend to separate the data (Figs. 1g,h and 2g,h ).
Red to far-red ratio
Although PPE should predict more accurately the phytochrome responses than the red to far-red ratio (R:FR), most phytochrome response research utilizes R:FR ratio rather than PPE (1). The R:FR ratios from the MH lamps are almost double those from the HPS lamps (Table 1, col. 11), but again graphing on an R:FR axis further separates the data (Figs. 1i and 2i) .
'Yellow' wavelengths
We analyzed the lamp outputs in 20 nm increments to find a wavelength range that would make the data fit a continuous curve. The light fraction output of the two lamp types varies considerably at certain wavelengths (Fig. 3) , for example between 500 and 550 nm. Because the plant responses under 2% HPS and 6% MH are not statistically different, we sought wavelengths where the spectral output for 2% HPS and 6% MH were equivalent. At 580-600 nm, lamp plus filter spectral output is equivalent for the 2% HPS and 6% MH treatments. At 580-600 nm the 6% HPS and 12% MH treatments also have similar spectral outputs (Table 1, col. 12). The response curve quickly becomes less continuous when the 'yellow' wavelength range is altered by adding, subtracting or shifting wavelengths. From this analysis, 'yellow' light (580-600 nm) appears to inhibit lettuce growth.
Although there is no known relationship between human perception of color and plant physiological response, 580-600 nm is generally considered to be 'yellow' light (12) . There is sparse literature on 'yellow' light (580-600 nm) effects on plant growth because researchers tend to classify wavelengths from 500 to 600 nm as 'green' light. However, there are two major reasons we are making comparisons to the 'green' light literature: (1) 'Green' light research often includes 500-600 nm wavelengths and therefore includes 'yellow' light; and (2) because 'yellow' (580-600 nm) and 'green' (500-580 nm) wavelengths are both equally and more readily transmitted through the canopy, both 'yellow' and 'green' wavelengths may be signals to inhibit growth below the canopy. In our analysis, we have included citations from several 'green' light studies, which include wavelengths outside the 580-600 nm range, but which we feel may be related to our results. Where the data was available, the actual wavelengths studied are included in parentheses so that readers may draw their own conclusions.
Our analysis suggests that 'yellow' light from 580 to 600 nm suppresses chlorophyll or chloroplast formation (Fig. 1j) . In Euglena, Schwartzbach (13) determined that 'green' light (peak stimulation at 597 nm) was less effective than blue in the synthesis of chlorophyll when light was saturating. In a review article on green light, Klein (14) cited work finding shrinkage in the chloroplast of Elodea and many common species ('green' light ranged 500-550 nm), but failed to cite the work of Possingham et al. (15) , who found 'green' light (peak output at 525 nm) enlarged chloroplasts compared to high-light controls.
Our data suggest 'yellow' light from 580 to 600 nm also suppresses plant growth (Fig. 2j) . This is counterintuitive because we know that 'yellow' light is only slightly less effective at photosynthesis than blue or red lights (16) and important for deep leaf carbon dioxide fixation (17) . Klein (14) reviewed the effects of 'green' light on plants, and suggested that 'green' light (studies ranged from 500 to 600 nm) represses plant growth and development. However, the plant studies cited are: (1) a quarter to a half century old, so light measurements (ergs, foot-candles) used to equalize light, we now know, are inaccurate for plants (18, 19) or were not equalized (20) ; (2) (23) warn against using green 'safe' lights due to a measured phytochrome response even to low irradiance levels of 'green' (500-550 nm). The effect of 'green' light continues to be controversial. Young et al. (24) showed Hibiscus increased plant height with increasing 'green' (500-600 nm)/total radiation, but Sup et al. (25) showed 'green' light (500-600 nm) to be least effective in promoting Hibiscus growth and development. Most relevant to our research, Al-Wakeel and Hamed (26) showed more growth suppression under 'yellow' (peak output at 595 nm) than 'green' (peak output at 520 nm) light in cucumbers. Even recent studies claiming 'green' or 'yellow' light responses use unequal photosynthetic photon fluxes (26, 27) , do not provide sources with clean cut-off and therefore vary wavelengths other than 'green' (27) , or fail to report complete spectral outputs from their lamp and filter sources (26, (28) (29) (30) .
Although whole-plant 'yellow/green' light effects have been reported in many species, few studies have included appropriate controls and the conclusions are contradictory. This may be due to the range of wavelengths included in the studies. More rigorous studies are needed to resolve the conflicting conclusions. Our data also suggest that 'yellow' light repression of growth may be unique to only a few species, including lettuce.
